We propose a method to distinguish between planetary and stellar companions to stars which present a periodic decrease in brightness, interpreted as a transit. Light curves from a total of 133 stars from the OGLE project were fitted by the model which simulates planetary transits using an opaque disk in front of a white-light image of the Sun. The simulation results yield the orbital radius (adopting circular orbit) in units of stellar radii, the orbit inclination angle, and the ratio of the planet to the star radii, taking as input the orbital period provided by the OGLE data. Using a mass-radius relation for main sequence stars, it was possible to estimate values for stellar mass and radius, and therefore absolute values for the companion and the orbit radii. This model was successfully tested with the stars HD 209458, OGLE-TR-10, 56, 111, 113, and 132. The method consists of selecting as planetary candidates only those objects with primary masses < 2M ⊙ , representative of the OGLE solar type stars, and secondaries with radius less than 1.5 Jupiter radius. We propose a selection of 20 planetary candidates (OGLE-TR-49,
Introduction
Since the discovery of the first extra-solar planet orbiting a solar-like star (Mayor & Queloz 1995) , there has been an increased interest in the search for planets around other stars. Presently, over 150 planets have already been discovered (see The Extra-solar Planets Encyclopedia at www.obspm.fr/encycl/encycl.html). The only way to decide if a companion object is a planet or a dim star is through the measurement of its mass.
There are two methods for planet detection commonly applied. The most used method is radial velocity measurements of the star motion around the center-of-mass of the planet-star system. This method, however, yields only the lower mass limit M p sin(i), where M p is the secondary mass and i is the inclination angle of the orbit. Thus, secondaries on orbits with small i may be mistaken for planets (Han et al. 2001) . Moreover, the radial velocity measurements are heavily biased against massive planets in close in orbits, the so called "hot Jupiters".
Another way to detect planets is through the observation of eclipses caused by planetary transits in front of the parent star. Again, this method is also biased toward giant planets (1-2% diming of the lightcurve) in close in orbits (otherwise the inclination angle has to be very close to 90
• ). Due to their similar sizes, the transiting objects could be extra-solar planets, brown dwarfs, M-type dwarfs, or even fake transits caused by blending. Nevertheless, these two methods are complementary, in the sense that it is possible to fully characterize the companion by its mass and radius, plus the orbital parameters (radius, inclination angle, and period).
Until 2002, the transit of only one planet, HD 209458b, had been observed (Charbonneau et al. 2000; Henry et al. 2000) . This scenario changed when the Optical Gravitational Lensing Experiment (OGLE) found evidences of transits in the light-curves of 177 stars (Udalski et al. 2002a (Udalski et al. ,c,b, 2003 . The presence of a planet was confirmed on five of those stars by follow up of radial velocity measurements: OGLE-TR-10 (also suggested by Dreizler et al. 2002) , OGLE-TR-56 (Konacki et al. 2003a,b; Torres et al. 2004 ), OGLE-TR-111 ), OGLE-TR-113 Bouchy et al. 2004 ) and OGLE-TR-132 . Konacki et al. (2003a) still proposes OGLE-TR-58 as a likely planet.
Previous authors have also investigated the nature of the OGLE star companions. The methods used varied from detection of ellipsoidal variation (Drake 2003; Sirko & Paczyński 2003) , to spectroscopic surveys Konacki et al. 2003b; Dreizler et al. 2002) , to infrared spectroscopy (Gallardo et al. 2005) . Drake (2003) searched for sinusoidal modulations in the light curves due to the ellipsoidal form of the stellar envelope caused by the proximity of a second star. Extending the analysis of Drake (2003) , Sirko & Paczyński (2003) found ellipsoidal variations above the 3 sigma level in 30 of the studied stars, indicating the presence of a red dwarf companion.
Using low dispersion spectroscopy, Dreizler et al. (2002) was able to derive the absolute value of the companion radius. From the 16 objects studied, only OGLE-TR-3 and 10 had radii larger than 0.14 R ⊙ (approximately the radius of HD209458b) and are therefore proposed as planets. Further observations, however, have considered OGLE-TR-3 as a"false positive" (Drake 2003; Sirko & Paczyński 2003; Konacki et al. 2003a ). Gallardo et al. (2005) , from infrared imaging and optical spectroscopic observations of the OGLE stars in the Carina fields (OGLE-TR-76 through 120), find 7 giants within the stars. The authors infer that 78% of the secondary objects are not planets, and propose OGLE-TR-105, 109, and 111 as likely planets. The latter has already been confirmed as a planet ).
Here we propose a test for distinguishing between planetary and stellar companions based on transit observations, and apply this method to the stars observed by the OGLE survey. The next section describes the transit simulation using an image of the Sun. Section 3 presents the result of the best fit to the OGLE data, whereas the test is explained in Section 4 along with the discussion. Finally, the conclusions are presented in the last section.
Planetary transit across the Sun
A white-light image of the Sun from Big Bear Solar Observatory (BBSO, Figure 1 ) is used to simulate the parent star (as in Silva 2003) . The secondary is represented by an opaque disk of radius R p /R s , where R s is the stellar radius. The position of the "planet" in its orbit is calculated for each time interval according to the the orbital parameters: inclination angle, i, and semi-major axis, a/R s (in units of the stellar radius). All simulations were performed assuming the orbit to be circular, that is null eccentricity. This assumption is probably valid due to the strong gravitational tidal forces and the close proximity to the primary star. The orbital periods used were those given in the OGLE project.
The advantage of using an image of the Sun is that limb darkening is already taken into account. It is true that some stars have quadratic limb darkening (HD 209458, Brown et al. 2001 ) instead of the linear limb darkening, as in the solar case, however, due to the large uncertainty of the OGLE data it is not possible to distinguish between these two. Figure 2 shows the effect of varying the three parameters used in the transit simulation, namely, R p /R s , a/R s , and i. The effect of increasing the secondary radius, R p /R s , is to strengthen the dimming in the light curve ( Figure 2a) . By decreasing the distance of the secondary to its parent star, a/R s , the phase interval of the transit is increased (Figure 2b ). The latitude of the transit is determined by the orbit inclination angle and the orbital radius, which in turn changes both the phase interval of the transit and its depth Figure 2c ).
The light curve of a particular star containing a dimming, interpreted as a transit from a secondary, is then fit by the simulation. The parameters of the transit are chosen from the best fit to the data, that is, minimum χ 2 . The results are presented in the next section.
OGLE results
In order to test the method, an observation of HD 209458 (Deeg et al. 2001 ) was used. The best transit fit to the data (crosses) is shown as a solid line in the top left panel of Figure 3 , and the parameters obtained are given in the second line of Table 1 . The first line of the table shows the parameters obtained from the observations, as listed in The Extra-solar Planets Encyclopedia (www.obspm.fr/encycl/encycl.html). As can be seen, the model results agree quite well with the observations. The same method was applied to the stars observed by OGLE which, through radial velocity measurements, had their planetary companions verified, that is, OGLE-TR-10, 56, 111, 113, and 132. The data are shown as crosses in Figure 3 , along with the model (solid line). The parameters obtained from the best fit, listed on Table 1 , agree within 2-30% to the published values.
From a total of 137 stars (we have not used the last OGLE survey from Udalski et al. 2004 ) whose light curve detected by the OGLE project presented periodic dimming, four were discarded for not having their period listed (OGLE-TR-43 to 46). A remainder of 133 stars were analyzed, and the companion and orbital parameters were obtained by minimizing the difference between the data and the transit simulation, as described in the previous section. From these, 7 stars presented masses larger than 10 M ⊙ , indicating that something was wrong, since these are F, G, and K stars. Some of these stars, OGLE-TR-2, 16, 27, and 61 are clearcut cases of stellar companions since an ellipsoidal variation in the intensity was clearly detected in their light curves (Drake 2003; Sirko & Paczyński 2003) . The other three stars had transits which were not flat bottom, or had missing data just before the transit, precluding the model to be applied in a satisfactory manner.
The parameters, R p /R s , a/R s , and i, obtained from the model best fit to the data are plotted as histograms in Figure 4 , for the 126 stars studied. The periods, given by the OGLE project (Udalski et al. 2002a (Udalski et al. ,c,b, 2003 , are displayed in the top left panel of the figure, and show that all stars have very short period (less than 10 days). This bias is the result of the short time of the OGLE observations (45 days in the 2001 and 95 days in the 2002 campaigns, respectively). Since these are solar type stars (F, G, and K), according to Kepler's third law, the resulting orbital distance will also be small. The orbital radius, for circular orbits, determined from the model are shown in the bottom left panel of Figure 4 , and indeed the values are around 2-20 stellar radii.
Due to the limited precision attained with ground based observations, only Jupiter sized objects, which cause ∼ 1% dips in the light curve, can be detected. The radius of the secondary object, in units of the primary radius, are plotted in the top right panel of Figure 4 . The dashed vertical line in the secondary radius panel represents the relative size of Jupiter with respect to the Sun, and indicates that the majority of companions are larger than the relative size of Jupiter. Finally, all orbital inclination angles are close to 90
• , which is expected for the detection of transits. Angles smaller than 80
• may be an indication of grazing eclipses and their respective results should not be considered.
Planetary versus stellar companion
The aim of this work is to propose a method for selecting the best planetary candidates for a follow up with radial velocities measurements, which is expensive due to the time requirement on large telescopes with high precision spectrograph. Below we explain how it is possible to infer the absolute values of the stellar mass and radius, and therefore determine the companion radius and the orbital radius.
Assuming that the secondary is a planet, M p << M s , hence from Kepler's third law, the orbital radius, a/R s , is given by:
Since the period is known, the ratio M 1/3 s /R s can be determined from the value of a/R s obtained from the best fit to the data. By using a mass-radius relationship for main sequence stars, one can determine the mass and radius of the star separately. Here, we adopt the relation R s /R ⊙ = (M s /M ⊙ ) 0.8 (Cox 2000) . Hence, the mass of the primary star is given by
A similar analytical model has been proposed by Seager & Mallén-Ornelas (2003) , using the same stellar mass-radius relation, however, in their model the authors do not considered the stellar limb darkening.
Using the above equations, it is possible to estimate the value of the primary mass and radius in units of solar mass and radius, respectively, and thus determine the absolute values of the orbital semi-diameter in A.U. and the secondary radius in units of Jupiter's radius. Histograms of these parameters, along with the orbit inclination angle are plotted in Figure 5 . Stellar masses in units of solar mass (plotted on the top left panel of Figure 5 ) vary between 0.5 and 6 M ⊙ , with a maximum value around one solar mass. The semi-diameter of a circular orbit is shown in the bottom left panel, with values in the range of 0.02 and 0.13 A.U., peaking at 0.05 A.U.. The top right panel of the figure displays the radius of the companions, ranging from 0.5 to 10 Jupiter's radius. The most common companion radius is about 1.5 R J . The inclination angle is the same histogram as in Figure 4 .
To determine the nature of the companion, we compare the stellar mass calculated by the above equation to that obtained from spectral type determination, when available. If the values are compatible, then the mass of the secondary is much smaller than that of the primary, and the object is probably a planet. Note that the mass inferred from the model is actually the sum M s + M p . On the other hand, if the mass calculated as shown above is much larger than about 1 M ⊙ (the OGLE stars are solar type), then our assumption of M p << M s is not valid and the companion is very likely a dim star. Or the mass-radius relationship is not valid for this star, for example if the primary is a giant. Another interference such as blends and ellipsoidal variation which distort or mimic a transit will also cause the model to fail.
For a radial velocity measurement follow up, one should start with those stars with masses less than or close to 1 M ⊙ . In order to draw some statistics, we place the cutoff mass at 2 M ⊙ , that is, companions to stars with calculated mass above this limit are discarded as probable planets. By adopting this criterion, only 70 candidates remained (including the 5 stars already known to harbor planets listed in Table 1 ), yielding a total of 53% of the OGLE stars. The parameters: primary star mass, companion radius, orbit semidiameter, and inclination angle, are shown as the gray histograms in Figure 5 . The mean values, only for the stars with masses less than 2 M ⊙ , are: stellar mass of 1.21 ± 0.4M ⊙ and radius of 1.16 ± 0.3R ⊙ , "planetary" radius of R p = 1.8 ± 0.7R J , orbit semi-diameter of a = 0.042 ± 0.019 A.U., and orbit inclination angle of 87.5 ± 2.0
• .
In order to better constrain the planetary candidates, our initial list of 65 OGLE stars (the 5 known planets are not included) with masses less than 2 M ⊙ were checked against the stellar companions found by the previous work cited in the Introduction. A total of 18 stars were either listed as showing ellipsoidal variation or are giants, implying that their companion is not an exoplanet.
Therefore, a more conservative criterion was established in order to improve our method: besides the <2 M ⊙ primary mass, for the secondary to be considered a planet candidate its radius has to be less than 1.5 R J . This shortened the candidate list to 24 stars, displayed in Table 2 . From these stars, only four were classified as having a stellar companion by other authors. These four stars are listed on the bottom lines of Table 2 . From high resolution spectroscopy, Pont et al. (2005) showed that OGLE-TR-122 is a very low mass star (0.092M ⊙ ), with about the same size as Jupiter. Since its mass is less than one tenth that of the primary, this stellar companion could not have been detect by our method. OGLE-TR-89 is believed to be a giant (Gallardo et al. 2005 ) and OGLE-TR-95 presents > 3σ sinusoidal variations in its light curve (Sirko & Paczyński 2003) . As for OGLE-TR-40, the results of Drake (2003) do not agree with that of Sirko & Paczyński (2003) for which they find variations at the 1 sigma level and therefore conclude that nothing can be said about the companion of this star. Nevertheless Dreizler et al. (2002) discarded it as a planetary candidate based on its too large radius.
Conclusions
A method for selecting the best planetary candidates has been presented here and applied to 133 stars with evidence of low luminosity companion transits observed by the OGLE project. The method consists simulating a transit by an opaque disk, the planet, in front of a white light image of the Sun, representing the star. Besides the orbital period which is directly obtained from the OGLE data, three parameters are determined from a best fit of the model to the data: (i) ratio of companion to star radii, R p /R s ; (ii) orbital radius (assuming circular orbit) in units of stellar radius, a/R s ; and (iii) orbit inclination angle, i.
In order to obtain absolute values for the planet semi-diameter and orbit radius, it was necessary to use a mass-radius relationship. Combining Kepler's 3rd law with a mass-radius relationship for main sequence stars (R s ∝ M 0.8 s ), it was possible to infer the mass and radius of the primary star and therefore the absolute values of the companion and orbital radii. This method worked quite well for the 6 known planetary companions: HD209458b, OGLE-TR-10b, 56, 111, 113, and 132, as can be seen from Table 1 .
At first only those stars with < 2M ⊙ were considered to have planets. Excluding the 5 known planets, a total of 65 stars were considered, which comprises 53% of the OGLE stars. When comparing these stars with those studied by previous authors, however, only 47 of these could still be considered as harboring an exoplanet. Hence, a further constraint on the radius of the companion was adopted, similar to Dreizler et al. (2002) , resulting in 24 stars with < 2M ⊙ having companions with < 1.5R J , from which four had to be further excluded.
In summary, from transit observation of secondary objects in front of a star, and assuming a mass-radius relationship for the star, it is possible to measure: period, inclination angle, and radius of the orbit, besides the radius of the companion and primary, and the primary mass. Considering only those stars with small masses (< 2M ⊙ ) and companions with small radii (R p < 1.5R J ), 20 stars from the OGLE projected were selected (see Table 2 ) as good planetary candidates, comprising less than 20% of the OGLE stars. We propose that these stars should have high precision spectroscopic follow up in order to confirm or not, by the estimate of their mass, if they truly are exoplanets.
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